The Skyrme energy-density functional approach has been extended to study the massive heavyion fusion reactions. Based on the potential barrier obtained and the parameterized barrier distribution the fusion (capture) excitation functions of a lot of heavy-ion fusion reactions are studied systematically. The average deviations of fusion cross sections at energies near and above the barriers from experimental data are less than 0.05 for 92% of 76 fusion reactions with Z 1 Z 2 < 1200.
I. INTRODUCTION
It is of great importance to predict fusion cross sections and to analyze reaction mechanism for massive heavy-ion fusion reactions, especially for fusion reactions leading to superheavy nuclei. In those reactions, the calculation of the capture cross section is of crucial importance. It is known that Wong's formula [1] based on one-dimensional barrier penetration can describe the fusion excitation function well for light reaction systems, while it fails to give satisfying results for heavy reaction systems at energies near and below the barrier.
For solving this problem, a fusion coupled channel model [2] was proposed, in which the macroscopic Woods-Saxon potential together with a microscopic channel coupling concept is adopted. By this model fusion excitation functions of some reactions at energies near and below the barrier are successfully described. However, it has been found that the parameters in the Woods-Saxon potential greatly influence on the results [3] and for heavy systems the potential parameters need to be readjusted in order to reproduce experimental data [4] . How to determine the parameters is still an open problem for predicting fusion cross sections of unmeasured reaction systems. Therefore, it is highly requisite to propose a new method for systematically describing fusion reactions from light to heavy reaction systems.
In our previous paper [5] , we applied the Skyrme energy-density functional for the first time to study heavy-ion fusion reactions. The barrier for fusion reaction was calculated by the Skyrme energy-density functional together with the semi-classical extended Thomas-Fermi method [6] . Based on the interaction potential barrier obtained, we proposed a parametrization of the empirical barrier distribution to take into account the multidimensional character of the real barrier and then applied it to calculate the fusion excitation functions of light and intermediate-heavy fusion reaction systems in terms of the barrier penetration concept. A large number of measured fusion excitation functions at energies around the barriers were reproduced well. Now we try to extend this approach to study very heavy fusion reaction systems which may lead to the formation of superheavy nuclei. In these cases, the reaction mechanism is very complicated and the capture process is the firstly concerned process, which follows by the quasi-fission and fusion, and then the fused system further undergoes fusion-fission and evaporation.
The study of the fusion mechanism (or capture process in very heavy fusion systems), especially of the possible enhancement of the fusion (capture) cross section in neutron-rich reactions and also of the suppression of fusion (capture) cross section induced by the strong shell effects of projectile or target, is very interesting and essentially importance for the synthesis of superheavy nuclei. For fusion reactions induced by double-magic nucleus 48 Ca, there exists a puzzle: on one hand, it has been found that the fusion cross sections at sub-barrier energies are suppressed in fusion reactions 48 Ca+ 48 Ca [7] 37 Cl and 50 Ti are investigated within our approach and the optimal incident energies for the reactions are given.
II. MICROSCOPIC INTERACTION POTENTIAL BARRIER AND PARAMETERIZED BARRIER DISTRIBUTION
In this section, we briefly introduce our approach for calculating the interaction potential barrier and fusion (capture) excitation function, a more detailed description can be found in ref. [5] . The nucleus-nucleus interaction potentials of fusion systems are calculated within the microscopic Skyrme energy-density functional together with the semi-classical extended Thomas-Fermi (ETF2) approach (up to second order of ). The interaction potential V b (R) between reaction partners can be written as
where R is the center-to-center distance between reaction partners, E tot (R) is the total energy of the interaction system, E 1 and E 2 are the energies of the non-interacting projectile and target, respectively. The interaction potential V b (R) is also called the entrance-channel potential in ref. [11] or fusion potential in ref. [12] . The E tot (R), E 1 , E 2 are determined by the Skyrme energy-density functional [6, 11, 13, 14, 15] ,
Here, ρ 1p , ρ 2p , ρ 1n and ρ 2n are the frozen proton and neutron densities of the projectile and target, and the expression of the energy-density functional H can be found in refs. [5, 11] . Once the proton and neutron density distributions of the projectile and target are determined, the interaction potential V b (R) can be calculated from eqs.(1) − (4).
By density-variational approach and minimizing the total energy of a single nucleus given by the Skyrme energy-density functional H, the neutron and proton densities of this nucleus can be obtained. In this work we take the neutron (i = n) and proton (i = p) density distributions of nuclei as spherical symmetric Fermi functions,
Only two of the three quantities ρ 0i , R 0i and a i in this relation, are independent because of the conservation of the particle numbers
can be expressed as a function of R 0p and a p ,
with high accuracy [16] when R 0p ≫ a p . By using an optimization algorithm, one can obtain the minimal energy and the corresponding R 0p , a p , R 0n ,a n for neutron and proton densities. Then, with the neutron and proton densities of projectile and target obtained we can calculate the entrance-channel potential with the same energy-density functional. For systematically investigating massive heavy-ion fusion reactions with a simple self-consistent manner provided by the density functional theory [17] , an optimal balance between the accuracy and computation cost is adopted in this approach, which is especially valuable for theses cases. To overcome the deficiency of one-dimensional barrier penetration model for describing sub-barrier fusion of heavy systems, we take into account the multi-dimensional character of realistic barrier [19] due to the coupling to internal degrees of freedom of the binary system.
We assume that the one-dimensional barrier is replaced by a distribution of fusion barrier
Motivated by the shape of the barrier distribution extracted from experiments, we consider the weighting function to be a superposition of two Gaussian functions D 1 (B) and D 2 (B), which read
and
with
Here B 0 is the height of the barrier (see Fig.1 ). The B c = f B 0 is the effective barrier height with a reducing factor f to mimic the lowering barrier effect which is due to the coupling to other degrees of freedom, such as dynamical deformation and nucleon transfer, etc. We set the reducing factor f = 0.926 in this work, which is the same as in [5] . The quantity γ in D 1 (B) is a factor to taken into account the structure effects, which influences the width of the distribution D 1 (B). For the fusion reactions with non-closed-shell nuclei but near the β-stability line we set γ = 1; for fusion reactions with neutron-shell-closed nuclei or neutron-rich nuclei an empirical formula for the γ values, used in the weighting function
for systems with the same Z 1 and Z 2 , was proposed in ref. [5] as
where ∆Q = Q − Q 0 denotes the difference between the Q-values of the system under considering for complete fusion and that of the reference system. The reference system, in general, is chosen to be the reaction system with nuclei along the β-stability line [5] . The value of c 0 is 0.5MeV −1 for ∆Q < 0 and 0.1MeV −1 for ∆Q > 0. The quantities δ proj(targ) n are 1 for neutron closed-shell projectile (target) nucleus and 0 for non-closed cases.
The fusion excitation function is then given by
where E c.m. denotes the center-of-mass energy, and B, R 0 and ω 0 are the barrier height, radius and curvature, respectively. Using the parameterized barrier distribution functions
, we also can obtain the cross sections σ 1 (E c.m. ) and σ avr (E c.m. ) by (15) with
]/2, respectively. Finally, the fusion cross section is given by
The cross section calculated with (17) is referred to as fusion cross section for a light and intermediate-heavy system and as capture cross section for a very heavy system at E c.m. .
III. CALCULATED RESULTS FOR FUSION (CAPTURE) EXCITATION FUNCTIONS
In order to extend our approach to study the fusion reactions leading to superheavy nuclei, we first check the suitability and reliability of our description of heavy-ion fusion reactions.
We calculate the fusion excitation functions of 76 fusion reactions with Z 1 Z 2 < 1200 at energies near and above the barrier (with γ = 1) and their average deviations χ 2 log from experimental data defined as
Here m denotes the number of energy-points of experimental data, and σ th (E n ) and σ exp (E n )
are the calculated and experimental fusion cross sections at the center-of-mass energy E n (E n ≥ B 0 ), respectively. Fig.2 shows the results for χ 2 log in which the solid circles and crosses denote the calculated results from this approach and those from ref. [2] , respectively.
Applying the approach of ref. [2] there are 43% systems in 76 fusion reactions in which the average deviations χ 2 log of calculated fusion cross sections from the experimental data are less than 0.05, but for reactions with Z 1 Z 2 > 640 the results are not satisfying very well. With our approach, the average deviations of 92% systems in χ 2 log are less than 0.05, which indicates that this approach is successful for describing fusion cross sections of heavy-ion reactions at energies near and above the barrier from light to intermediate-heavy fusion systems. In Fig.3 [22] , in which the solid and dashed curves present the results of our approach and of ref. [2] , respectively, the squares denote the experimental data. From this figure we can see that our approach gives quite reasonable description for all selected fusion reactions with the Z 1 Z 2 up to 1120 at energies near and above the barrier. For more massive fusion reactions leading to superheavy nuclei, the quasi-fission process occurs and therefore, the capture cross sections are larger than the corresponding fusion cross sections. In ref. [23] the fission and quasi-fission process in 238 U-induced reactions were studied. Fig.4 shows the results in which the solid and open circles denote the measured cross sections for the fission-like process and for complete fusion followed by fission, respectively. with neutron open shells but near the β-stability line.
For the very massive fusion reaction between double-magic nuclei 48 Ca and 208 Pb, the influence of the shell effects is very significant. So careful consideration of the γ value is required at sub-barrier energies. Fig.5 shows the calculated capture excitation function of 48 Ca+ 208 Pb and the experimental data of refs. [25] and [26] . The dashed curve presents the results with γ = 1, that is, no neutron-shell-closure effect is considered. The solid curve is calculated with γ = 9.5 according to eq. (14), in which the closed shell effect is considered. We find that for energies below the barrier the experimental data can only be described with γ = 9.5 and the calculations with γ = 1 are over-predicted. From this analysis, one learns that the measured capture cross sections of 48 Ca+ 208 Pb at sub-barrier energies are obviously suppressed, which may arise from the suppression of the nucleon transfer between reaction partners due to the strong closed shell effects, which will be further studied in the following section.
IV. OPTIMAL BALANCE BETWEEN CAPTURE CROSS SECTION AND EXCITATION ENERGY OF COMPOUND NUCLEI
It is very important to find a favorable combination of projectile and target and a suitable select the reaction systems with γ < 1. However, the amount of the excitation energy of the formed compound nucleus is essentially important for the survival probability. The smaller the excitation energy is, the larger the surviving probability is. Thus, seeking an optimal balance between the capture cross section and the excitation energy of the compound nucleus becomes very important for synthesis of superheavy nuclei . For choosing the fused nuclei with an excitation energy as low as possible, the fusion reactions with double-magic is only E * CN = 31MeV . Such an incident energy was already used in the experiment of ref. [10] sub-barrier energies due to strong closed shell effects, as shown by the dashed curve of Fig.7 .
It seems to us that there exists a 'threshold-like' behavior, which is important for choosing the incident energies. This 'threshold-like' behavior of excitation function of capture cross sections is closely related to the shape of the barrier distribution. In our previous paper [5] , a number of barrier distributions were calculated according to expressions (8)- (13) . As example, here we show the calculated fusion barrier distribution for 16 O+ 208 Pb [31] in Fig.8 . Fig.9 shows the capture excitation function ( Fig.9(a) ) and the effective weighting function D eff (Fig.9(b) ) for the reaction 48 Ca+ 244 Pu. We find that the incident energies adopted in the experiments successfully producing superheavy nuclei in recent years [33, 34, 35, 36] for some reactions induced by 48 Ca are very close the most probable barrier energies B m.p. . Table 1 the barrier expressed by ω 0 , factor γ are also listed. In addition, we list the mean value B mean of the barrier height defined as
The B mean is, in general, larger than the B m.p. since the slope of the left side of the weighting function D eff is very steep. From the table one can find that for all listed reactions the energies E exp min are higher than the calculated most probable barrier energies B m.p. , which supports our ideas about how to choose the favorable incident energy. Further, we find the experimental evaporation-residue excitation functions of the fusion reactions listed in Table   1 are peaked at the energies ranging from B mean to B 0 in most cases, which implies that the energy B mean may be more suitable to be chosen as the incident beam energy in the fusion reactions with γ much larger than 1 for producing superheavy nuclei. Table 2 . The table gives the Q-value for the reactions, the barrier height B 0 , position R 0 of the barrier, curvature at the top of the barrier expressed by ω 0 , factor γ of structure effects, the mean value B mean of the barrier, the most probable barrier reaction for producing superheavy nuclei from the point of a low excitation energy of the compound nuclei. Here we have not studied the orientation effect of deformed target, which has significant effect on fusion barrier height and the compactness of the fusion reactions.
Recently, compactness of the 48 Ca induced hot fusion reactions was studied in which it was shown that 48 Ca induced reactions on various actinides were the best cold fusion reactions with optimum orientations of the hot fusion process [38] . By comparing the depths of the capture pockets for different reactions we find that the depth decreases with increase of the proton number of the projectile nuclei. We know that the shallower the pocket is, the stronger the quasi-fission is. So the projectile 36 S inducing capture reactions is more favorable for the small quasi-fission probabilities of those reactions. By using this Table 3 . Table 2 and Table 3 provide us with very useful information for choosing an optimal combination of projectile and target and suitable incident beam energies for producing superheavy nuclei for unmeasured massive fusion reactions.
V. CONCLUSION AND DISCUSSION
In this work, the Skyrme energy-density functional approach has been applied to study Table 1 and the barrier distribution due to the orientation of 248 Cm is close to the effective weighting function D eff (B) which is for describing the capture process of the reaction if assuming the orientation probability decreases gradually from 0
• to 90
• . So the deformation effects seem to be partly involved in the parameterized barrier distribution functions. The study on this aspect is in progress. 
